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1. Introduction {#sec0005}
===============

As per WHO, about 80 % of the diseases that occur worldwide are waterborne \[[@bib0005]\]. The poor water quality and unhygienic water attribute to approximately 1.5--12 million deaths per year \[[@bib0010]\]. Water pollution and associated waterborne diseases are a major concern in the Indian subcontinent as well. Due to polluted waters, 69.14 million cases of major waterborne diseases, namely diarrhoea, cholera, typhoid, and viral hepatitis, caused 10,378 deaths in the country during 2013--2017 \[[@bib0015]\].

Viruses are a major causative agent of many lethal diseases, including gastroenteritis, hepatitis, and respiratory illnesses. The present COVID-19 pandemic declared as a health emergency by the WHO is also caused by a novel coronavirus; SARS-CoV-2 \[[@bib0020]\]. The virus is characterised as a single-stranded, positive-sense RNA virus belonging to the *Betacoronavirus* family \[[@bib0025]\]. Recent reports demonstrated the presence of SARS-CoV-2 in the wastewater treatment systems \[[@bib0030],[@bib0035]\]. A study in Australia confirmed the presence of SARS-CoV-2 in wastewater sampled from a catchment area \[[@bib0040]\], while another study detected SARS-CoV-2 in the wastewater sampled from influent of an urban treatment facility in Massachusetts \[[@bib0045]\]. Moreover, various studies have reported the presence of viruses in treated wastewater \[[@bib0050],[@bib0055]\] thus, increasing the risk of disease outbreaks. Hence, it may be inferred that viral contaminants are present not only in the wastewater but also in the treated water (in case of inefficiency/absence of disinfection). The contaminated water further may serve as transmission routes for the viruses, thus necessitating virus removal from wastewater.

Various conventional approaches have been applied for virus removal from wastewater. However, most of these techniques have been reported to be inefficient for the absolute removal of viruses from the wastewater, and therefore, imposes a serious threat to human health \[[@bib0060]\]. Hence, alternative approaches are being explored for efficient wastewater disinfection \[[@bib0065]\]. Further, understanding the fate of SARS-CoV-2 in wastewater treatment plants is of prime importance with more research required to comprehend the removal of the virus in various treatment stages; importantly, where the treated wastewater may be utilised for various reclamation purposes \[[@bib0070]\]. The concept of phycoremediation has been gaining impetuous and involves the use of micro/macro-algae for removal of toxic/non-toxic contaminants from different kinds of solid, liquid, and gaseous waste \[[@bib0075]\]. Recently, an extremophile Galdieria sulphuraria has been utilised for the development of a microalgae-based wastewater treatment system that demonstrated high removal rates for noroviruses, coliphages, and enteroviruses \[[@bib0080]\]. Some recent studies have elucidated various removal mechanisms, namely; adsorption \[[@bib0085]\], pH shift \[[@bib0090]\], sunlight-mediated inactivation \[[@bib0095]\], and predation \[[@bib0100]\] for microalgae-mediated virus inactivation \[[@bib0105]\].

Considering all the facts related to recent development in the virus removal from wastewater, the present study aims to compile a state-of-the-art consolidated review on (i) occurrence and fates of viruses in wastewater, (ii) associated risks of disease outbreaks and, (iii) possible methods (conventional and advanced) for virus disinfection during wastewater treatment.

2. Viruses and wastewater {#sec0010}
=========================

2.1. Prevalence of viruses in treated wastewater; a matter of serious concern {#sec0015}
-----------------------------------------------------------------------------

A wide variation in the removal of viral pathogens by the conventional wastewater treatment processes have been reported, thereby posing a serious threat to public health. A study by Rosario et al. \[[@bib0110]\] has shown the presence of a novel DNA virus in both secondary treated and the disinfected wastewater effluent. Another interesting study by Chatterjee et al. \[[@bib0115]\] has reported strains of giant viruses in three environmental samples, namely a sludge sample and a drying bed sample from the wastewater treatment plant, and a pre-filter of household water purifier. Another study by Prevost et al. \[[@bib0120]\] revealed a high presence of adenovirus, norovirus, and rotavirus in the wastewater treatment plant effluents, which further contaminated the Seine River in Paris. Hence, there is a high possibility of the presence of other dangerous viruses in the treated effluent, particularly from the wastewater treatment plant having inadequate treatment facilities to handle virus-containing sewage.

For the particular case of SARS-CoV-2, there is a lack of sufficient literature and evidence for their presence in treated or disinfected wastewater effluent. However, various reports are now emerging regarding the prevalence of SARS-CoV-2 in wastewater treatment systems \[[@bib0030],[@bib0125]\] ([Table 1](#tbl0005){ref-type="table"} ). The wastewater samples collected from the influent of an urban wastewater treatment plant in Massachusetts were found to be positive for the presence of SARS-CoV-2 \[[@bib0045]\]. The virus was detected in the wastewater samples by Reverse Transcriptase-quantitative Polymerase Chain Reaction and DNA sequencing. A similar study by Ahmed et al. \[[@bib0040]\] detected SARS-CoV-2 in wastewater collected from a catchment region in Australia. In light of the present literature, [Table 1](#tbl0005){ref-type="table"} represents the prevalence of SARS-CoV-2 and other human pathogenic coronaviruses in the wastewater.Table 1Prevalence of human pathogenic coronaviruses in wastewater.Table 1VirusWastewaterPlaceConcentration rangeRemarksReferenceSARS-CoV-2WWTPUSA⁓100 × 10^3^ with lowest value of ⁓10^4^ copies L^−1^ sewageHigher viral titers obtained than expected from clinically confirmed cases\[[@bib0045]\]SARS-CoV-2Catchment regionsAustralia19 and 120 RNA copies L^−1^ of untreated wastewaterResults were in agreement with clinically confirmed cases\[[@bib0040]\]SARS-CoV-2Six WWTPsSpain2.5 × 10^5^ RNA copies L^−1^ of untreated wastewater11 % secondary treated samples positive for SARS-CoV-2 RNA\[[@bib0650],[@bib0655]\]SARS-CoV-2Three WWTPsFrance5 × 10^4^ to 3 × 10^6^ RNA copies L^−1^ of raw wastewaterChange in virus concentration was in accordance with the trend of diagnosed COVID-19 cases\[[@bib0660]\]SARS-CoV-2WWTP (influent, secondary treated water); river waterJapan2.4 × 10^3^ RNA copies L^−1^ in one out of 5 secondary-treated samplesNo SARS CoV-2 RNA was detected in all the influent and river samples\[[@bib0655]\]SARS-CoV-2Seven cities and airportNetherlandsn.d.SARS-CoV-2 was detected in high concentrations in sewage samples, even when COVID-19 incidents were few\[[@bib0125]\]SARS-CoV-2Three WWTPsItalyn.d.SARS-CoV-2 RNA was detected in 6 out of 12 influent wastewater samples\[[@bib0665]\]SARS-CoV-2WWTPIndian.d.Obtained C~t~ values in accordance with the increasing COVID-19 cases; SARS-CoV-2 genes detected in all influent samples\[[@bib0670]\]SARS-CoV-2Six WWTPsIndian.d.SARS-CoV-2 genome was detected at an ambient temperature of 40−45 °C\[[@bib0675]\]Alphacoronavirus Betacoronavirus\
Hepatitis A virusWater channelsSaudi ArabiaHAV - 5.0 × 10^1^ to 1.9 × 10^4^ RNA copies L^−1^ of surface waterHAV was detected in 38 % of the samples, while one sample was positive for an *Alphacoronavirus*\[[@bib0680]\]*Coronaviridae*Lake BalkhashKazakhstann.d.37 families of viruses were identified. *Coronaviridae* represented 0.02--0.09% of the entire viral population.\[[@bib0685]\][^1]

2.2. Viral contamination of food {#sec0020}
--------------------------------

One of the major routes of the outbreak of the viral disease has been related to the consumption of contaminated foods, owing to the survival ability of viral pathogens on the food for extended periods \[[@bib0130]\]. As explained by Richards \[[@bib0135]\] and Harris et al. \[[@bib0140]\], the food-borne viral contamination can be categorised as (i) pre-harvest and (ii) post-harvest contamination. The utilisation of reclaimed wastewater and sewage sludge for irrigation and crop fertilizer, respectively, constitute the pre-harvest contamination. Improper handling by workers and consumers, contaminated transport containers or harvesting equipment and, contaminated rinse water has been linked with the post-harvest contamination of the raw food. Some studies have attributed the incidents of enteric viral diseases (hepatitis A, acute gastroenteritis) with the consumption of raw vegetables and unhygienic conditions at the associated places \[[@bib0135],[@bib0145]\]. The consumption of shellfish grown in contaminated or sewage polluted marine waters is the most prominent food-borne transmission of enteric viruses \[[@bib0150]\]. The filter-feeding characteristic of these organisms results in the accumulation of positive-stranded RNA viruses in their gills and digestive glands \[[@bib0155]\]. It is noteworthy here that SARS-CoV-2 is also a positive single-stranded RNA virus \[[@bib0160]\]. Hence, it is likely possible that SARS-CoV-2 may also accumulate in the aquatic invertebrates, subject to the survival of the virus in the water and aquatic environments. The SARS-CoV-2 is predicted to be food-borne and reportedly originated from the Wuhan seafood market of China and has resulted in the COVID-19 pandemic \[[@bib0165]\].

2.3. Plausible faecal-oral transmission of SARS-CoV-2 {#sec0025}
-----------------------------------------------------

A recent report by WHO has stated that the novel coronavirus can persist in sewage, faeces, and on surfaces \[[@bib0170]\]. Besides, in a recent article, Wu et al. \[[@bib0175]\] reported the presence of SARS-CoV-2 in the faecal samples from patients with COVID-19 disease. Similarly, Zhang et al. \[[@bib0180]\] detected SARS‐CoV‐2 viral RNA in the faecal samples of children during their recovery period of COVID‐19. Notably, live SARS-CoV-2 was detected in the faeces of some patients, thus, highlighting the possibility of SARS-CoV-2 transmission by the faecal route \[[@bib0185]\].

Concerning the current scenario of increasing cases of the pandemic COVID-19, different transmission routes of SARS-CoV-2 need to be identified to prevent the rapid spread of disease. As emphasised by Qu et al. \[[@bib0190]\], the faecal transmission routes for SARS-CoV-2 should also be considered owing to its detection in the stool samples of infected patients. Different studies have shown the presence of coronaviruses in stool samples and, thus, the sewage systems. A study by Weber et al. \[[@bib0195]\] has revealed the survival of SARS-CoV in a stool sample for 4 days. Therefore, these viral pathogens may invade into the surface water bodies if the contaminated wastes, such as sewage having mixed excreta and urine from the patients, are directly discharged to the environment without proper treatment. An inspection of the faecal transmission route can help to elucidate the disease extent prevalent much before the infected persons experience the symptoms \[[@bib0200],[@bib0205]\]. Such stringent inspection would help in better management of the disease and prevention of its spread to other areas.

2.4. Waterborne and non-waterborne viruses {#sec0030}
------------------------------------------

In a study by Xagoraraki and O'Brien \[[@bib0010]\] an interesting approach has been adopted to study the wastewater viruses by their classification into two categories, namely, the waterborne and non-waterborne viruses. The waterborne viruses are characterised as the viral pathogens transmitted by contaminated water while possessing a moderate to high health significance as elucidated by WHO \[[@bib0210]\]. Some of the prominent examples of waterborne viruses include hepatitis virus, rotavirus, caliciviruses, enteroviruses, and polyomaviruses \[[@bib0215]\]. On the other hand, the non-waterborne viruses are transmitted by insects (breeding in water), and some can be transmitted between humans and animals by vectors like bats and rodents. Hence, the non-waterborne viral pathogens are also categorised as zoonotic viruses and include Nipah virus, Hantavirus, Zika virus, and the like \[[@bib0010]\].

### 2.4.1. Waterborne viruses {#sec0035}

The most predominant waterborne viruses are adenoviruses, noroviruses, enteroviruses (especially; the echoviruses, polioviruses, and coxsackieviruses), astroviruses \[[@bib0220]\], hepatitis A and E viruses \[[@bib0225],[@bib0230]\], and rotaviruses \[[@bib0235]\]. These viruses have been commonly detected in different types of wastewater and effluents; hence, they play a key role in wastewater-based epidemiology \[[@bib0240],[@bib0245]\]. The adenoviruses and noroviruses are the most abundant human viruses present in wastewater with concentrations reported as 6.0 × 10^2^ to 1.7 × 10^8^ copies L^−1^ and 4.9 × 10^3^ to 9.3 × 10^6^ copies L^−1^ \[[@bib0010]\]. These have been linked to outbreaks of gastroenteritis and respiratory diseases \[[@bib0240],[@bib0250]\]. They have been detected in faeces and urine of infected persons \[[@bib0255]\] with a 10^2^ to 10^11^ viral copies reported per gram of the stool sample \[[@bib0260],[@bib0265]\]. In addition to these, some other viruses like salivirus (3.7 × 10^5^ to 9.7 × 10^6^ copies L^−1^ wastewater), torque teno virus (4.0 × 10^4^ to 5.0 × 10^5^ copies L^−1^ wastewater), sapovirus (1 × 10^5^ to 5 × 10^5^ copies L^−1^ wastewater), and polyomaviruses (8.3 × 10^1^ to 5.7 × 10^8^ copies L^−1^ wastewater) are also frequently detected in human faeces and wastewater samples \[[@bib0010]\]. However, these viruses are rarely studied and thus demand more attention as they are found to be associated with various diseases. For instance, salivirus is reported to be linked with acute flaccid paralysis and gastroenteritis \[[@bib0270]\], while the polyomaviruses are associated with severe medical conditions like progressive multifocal leukoencephalopathy, carcinoma, and nephropathy \[[@bib0275]\].

To the best of authors' knowledge, not much research evidence is available concerning the SARS-CoV-2 transmission as waterborne viruses. However, the presence of SARS-CoV-2 particles in the faecal samples from infected patients, as well as in the wastewater treatment plants, poses a high risk of its transmission through water routes. The possible transmission routes for viral pathogens (including SARS-CoV-2) through contaminated waters have been outlined in [Fig. 1](#fig0005){ref-type="fig"} .Fig. 1Possible transmission routes of viruses through contaminated water.Fig. 1

### 2.4.2. Non-waterborne viruses {#sec0040}

The non-waterborne viruses have also been detected in human faeces and wastewater. These water-related viruses include various zoonotic viruses like Zika virus, Dengue virus, Yellow fever virus, Nipah virus, and Hantavirus \[[@bib0280],[@bib0285]\]. These viruses have the potential to get transmitted from animals to humans through vectors like bats, mosquitos, birds, and rodents. Most non-waterborne viruses have been linked with major disease outbreaks and thus are a significant component of the wastewater-based epidemiology. In studies by Lin et al. \[[@bib0290]\], the exposure to aerosolised wastewater has been linked with waterborne transmission of zoonotic viruses. Further, high turbulence places like toilet flushing, aeration basins, irrigation systems, and converging sewer pipes served as sites for wastewater aerosolisation \[[@bib0010]\]. Hence, the transmission risk of SARS-CoV-2 associated with aerosols generated from contaminated sewage and faulty sewage systems also needs to be inspected.

The SARS-CoV-2 also falls under the category of zoonotic viruses. Based on its genome similarity with the bat viruses, the virus is hypothesised to be transmitted to humans from bats \[[@bib0295]\]. Also, its presence in wastewater systems and further waterborne transmission routes have been elaborated. Thus, SARS-CoV-2 can be considered as both the waterborne and non-waterborne viruses.

2.5. Viral diseases; environmental factors governing virus survival {#sec0045}
-------------------------------------------------------------------

The presence of viruses in wastewater may lead to various waterborne diseases through contaminated drinking water sources/recreational water and/or food contaminated with sewage wastewater \[[@bib0150]\]. Over one hundred species of viruses present in sewage-contaminated water are the causative agents of various human diseases like gastroenteritis, conjunctivitis, fever, meningitis, heart anomalies, paralysis, and hepatitis ([Table 2](#tbl0010){ref-type="table"} ). It is clear that these viruses easily spread through contaminated waters, and thus their removal from wastewater is a matter of prime concern.Table 2Diseases caused by common waterborne viruses.Table 2VirusGenomeMajor disease (s)ReferenceAdenovirusdsDNAGastroenteritis, pharyngitis, conjunctivitis, fever\[[@bib0690]\]AstrovirusssRNAGastroenteritis, diarrhoea\[[@bib0695]\]CoxsackievirusssRNAHand foot and mouth disease, myocarditis, paralysis, meningitis, fever, vesicular pharyngitis\[[@bib0700]\]EchovirusssRNAGastroenteritis, meningitis, fever, respiratory disease\[[@bib0060]\]Hepatitis A virusssRNAHepatitis A\[[@bib0705]\]Hepatitis E virusssRNAHepatitis E\[[@bib0705]\]NorovirusssRNAGastroenteritis, fever\[[@bib0710]\]PoliovirusssRNAPoliomyelitis\[[@bib0715]\]PolyomavirusdsDNAProgressive multifocal leukoencephalopathy, carcinoma, nephropathy\[[@bib0720]\]RotavirusdsRNAGastroenteritis, diarrhoea\[[@bib0690]\]SalivirusssRNAAcute flaccid paralysis, gastroenteritis\[[@bib0725]\]SapovirusssRNAGastroenteritis\[[@bib0730]\][^2]

The survival of viruses in the wastewater is chiefly governed by prevalent temperature and RH \[[@bib0300]\]. The viruses demonstrate the highest survival at lower temperatures, whereas higher temperatures are associated with protein and nucleic acid denaturation and destruction of the viral capsid structure \[[@bib0305]\]. The higher temperatures may also be utilised for inactivation of coronaviruses (enveloped viruses) \[[@bib0310]\] as they demonstrate high susceptibility to environmental changes. Once the envelope is disrupted, the particle loses its pathogenicity and becomes inactive. A recent bench-scale study on SARS-CoV-2 inactivation reported a significant decrease in the number of viral RNA copies at high temperatures and higher survival at lower temperatures \[[@bib0315]\]. More than 6-log reduction was achieved for heat inactivation assay performed at 92 °C for 15 min than assays performed at 56 °C for 30 min and 60 °C for 60 min \[[@bib0315]\]. Similarly, the SARS-CoV-2 titre reduced by 1.46 log units at 70 °C within 5 min, whereas only ⁓ 0.7 log unit reduction was obtained after 14 days of incubation at 4 °C \[[@bib0320]\]. Hence, inactivation protocols employing higher temperatures could be explored for SARS-CoV-2 inactivation.

Reports have also emphasised the role of RH on the survival of SARS-CoV-2 and MERS-CoV \[[@bib0325]\]. Further, SARS-CoV has been reported to remain viable at 22−25 °C and 40--50 % RH for a period of 5 days and exhibits the potential to survive up to 2 weeks after drying \[[@bib0310]\]. Similar studies on MERS-CoV have mentioned high viability of virus at 20 °C and 40 % RH on different surfaces for 48 h \[[@bib0330]\].

The optimum pH for virus survival varies from species to species. However, the SARS-CoV-2 has been reported to be stable under a wide pH range of 3--10 and, thus, possesses a high survival rate in wastewater \[[@bib0320]\]. Thus, it may be concluded that various climatic conditions influence the spatial and temporal distribution of viruses in wastewater. Therefore, there is an urgent need for multifarious research interventions towards generating the survival data for SARS-CoV-2.

3. Potential methods for virus removal from wastewater {#sec0050}
======================================================

In view of the above literature, it is evident that viruses are abundant in the wastewater, thereby signifying the urgent need for wastewater disinfection. The risk of epidemics is enhanced by constraints of the small size of viruses in the wastewater. An efficient and cost-effective wastewater treatment is thus required to produce safe water for reuse and recycle.

The conventional wastewater treatment systems are comprised of various physical, chemical, and biological processes that are aimed at the removal of biodegradable organics and suspended solids \[[@bib0335]\]. Moreover, some processes like the conventional activated sludge process, flocculation sedimentation, and sand filtration have been reported efficient for pathogen removal from wastewater \[[@bib0340]\]. The pathogen removal efficiency of treatment processes is represented by the LRV \[[@bib0345]\] defined as the relative number of live microbes eliminated from a system by any removal process and expressed as,$$Log\, Reduction\, = {log}_{10}\,\left( c_{b} \right) - \,{log}_{10}\,\left( c_{a} \right)$$where; c~b~ and c~a~ denotes the number of viable microbes before and after treatment.

Various processes like adsorption, filtration, UV disinfection, and activated sludge process have been attempted for the removal of viruses from wastewater ([Table 3](#tbl0015){ref-type="table"} ). The conventional treatment systems employing activated sludge process and chlorination achieved the removal of torque teno virus and adenovirus with a lower LRV of 1.6 and 2.1 ± 0.53, respectively \[[@bib0350]\]. Contrary to the obtained lower LRV, a higher LRV of 5.5 was obtained for adenovirus by MBR, which also achieved efficient removal of enterovirus (5.1 LRV) and norovirus genogroup II (3.9 LRV) \[[@bib0355]\]. Based on the present literature, [Table 3](#tbl0015){ref-type="table"} provides a glimpse of the various conventional and advanced approaches employed for virus removal.Table 3Various methods employed for virus removal.Table 3MethodLocationTarget virusesVirus removal rate\
(LRV^a^ or %^b^)ReferenceASP, chlorinationWWTP, Pisa, ItalyTorque teno virus\
Human adenovirus\
Rotavirus\
Norovirus genogroup I\
Norovirus genogroup II\
Somatic coliphages1.6^a^\
2.1 ± 0.53^a^\
33^b^\
77.8^b^\
11^b^\
2.16 ± 0.42^a^\[[@bib0350]\]Algae (Galdieria sulphuraria) based WWTPPrimary effluent, WWTP-Las Cruces, New MexicoEnterovirus\
Norovirus\
Somatic coliphages\
F-specific coliphages1.05 ± 0.32^a^\
1.49 ± 0.16^a^\
3.13 ± 0.34^a^\
1.23 ± 0.34^a^\[[@bib0080]\]Three pond systems and UASB - maturation pondTwo WWT pond systems, Yungas, BoliviaEnteric viruses (culturable)0.8^a^ (3 pond system)\
3.1^a^ (UASB - pond)\[[@bib0400]\]Lagooning systemSouth Catalonia, SpainHuman adenovirus\
JC polyomavirus\
Norovirus genogroup I\
Norovirus genogroup II1.18^a^\
0.64^a^\
0.45^a^\
0.72^a^\[[@bib0735]\]Membrane bioreactorTraverse City WWTP, USAHuman adenovirus\
Norovirus genogroup II\
Enterovirus5.5^a^\
3.9^a^\
5.1^a^\[[@bib0355]\]Pond systemAccra, GhanaSomatic coliphages\
F + coliphages2.0^a^\
1.5^a^\[[@bib0740]\]Sedimentation, ASP, UV disinfectionGold Bar WWTP, Edmonton, CanadaRotavirus\
Norovirus\
Sapovirus\
Astrovirus\
Enterovirus\
Adenovirus\
JC virus1.08 ± 0.5^a^\
1.64 ± 0.39^a^\
1.77 ± 0.39^a^\
1.8 ± 0.54^a^\
2.81 ± 1.06^a^\
2.02 ± 0.36^a^\
2.28 ± 0.52^a^\[[@bib0745]\][^3]

3.1. Physical treatment methods {#sec0055}
-------------------------------

The physical wastewater treatment methods rely on the utilisation of various physical barriers and natural forces like Van der Waal forces, gravity, and electrostatic attraction to achieve contaminant removal from wastewater \[[@bib0360]\]. The physical unit processes like sedimentation, adsorption, and filtration have been reported to remove the viral pathogens to some extent.

### 3.1.1. Sedimentation {#sec0060}

Recent studies have reported virus removal through the sedimentation process \[[@bib0100],[@bib0365]\]. The adsorption of virus particles to large settleable solids followed by sedimentation was considered as a major removal mechanism in various treatment plants \[[@bib0100]\]. The terminal velocity of a discrete suspended solid settling under gravity is described by;$$\text{V} = \sqrt{\frac{4\text{g}(\text{ρ}_{p} - \text{ρ})\text{D}}{3C_{D}\text{ρ}}}$$where, V, g, ρ~p~, ρ, D and C~D~ represent the settling velocity (m sec^−1^), acceleration due to gravity (m sec^-2^), particle density (kg m^-3^), water density (kg m^-3^), particle diameter (m) and drag coefficient. The value of C~D~ is determined by the Reynold's number (Re), with an increase in Re leading to C~D~ reduction \[[@bib0370]\]. The Re determines the flow regime and is expressed as;$$\text{R}\text{e} = \frac{\text{ρ}\text{u}\text{D}}{\mu}$$where; u and μ denote relative velocity and water viscosity, respectively \[[@bib0375]\].

Thus, it can be inferred that increased velocity will be obtained under conditions of increased volume or diameter of the particle \[[@bib0380]\]. The same principle may act as the driving force for virus removal from wastewater. As the viruses attach to suspended solids, the overall agglomerated particle possesses a larger diameter and higher density, thereby enhancing sedimentation and subsequent virus removal.

Further, the conventional activated sludge process was reported to achieve 0.65--2.85 LRV for eleven different kinds of viruses \[[@bib0385]\]. Likewise, a 1.4--1.7 LRV was accomplished for enteroviruses, rotaviruses, and noroviruses during the settling phase of wastewater in the treatment units \[[@bib0390]\]. The above studies suggested sedimentation as the prime mechanism for reduction of viral titres in the wastewater. On the contrary, it has been demonstrated that sedimentation is not the foremost removal mechanism \[[@bib0395],[@bib0400]\], and only selected strains of norovirus and rotavirus get removed by sedimentation in the treatment plant. Hence, based on the present state-of-the-art, the sedimentation-based approach seems to be inadequate for the complete removal of viruses from the wastewater.

### 3.1.2. Sand and membrane-based filtration {#sec0065}

The widely studied filtration processes for virus removal are the membrane and sand filtration, especially the technique of SSF \[[@bib0405]\]. The SSF holds great potential for the treatment of drinking water, rainwater, and wastewater. Further, various viral and bacterial pathogens like *Escherichia virus* MS2, Echovirus, PRD-1 virus, *Salmonella* sp., *E.coli*, and *Streptococci* sp., have been reported to be efficiently removed by the SSF process \[[@bib0410],[@bib0415]\].

Another common technique called membrane filtration employs the size exclusion principle to achieve virus removal. The throughput of the membrane filtration system is defined by the system flux (flow of filtrate per unit area), represented as;$$J = \frac{Q_{P}}{A_{m}}$$where, J (m^3^ m^−2^hr^-1^), Q~p~ (m^3^ sec^-1^), and A~m~ (m^2^) represent the flux, filtrate flow, and membrane surface area, respectively \[[@bib0420]\].

### 3.1.3. Ultraviolet disinfection {#sec0070}

The widely used disinfection processes include UV radiation and chlorination. The demand for an additional dechlorination step after chlorination favours the use of UV radiation over chlorination for disinfection. The wastewater is exposed to a UV-C (100 nm -- 280 nm) lamp, which is significantly effective against enteric protozoans, including *Giardia* sp., *Cryptosporidium* sp., and the bacterial pathogens \[[@bib0425]\]. Besides these pathogens, UV-C has been reported to be effective for the inactivation of various viruses, including SARS-CoV-2 \[[@bib0430]\]. The exposure of viruses to UV radiations results in nucleotide cross-linking in the viral genome, thereby causing viral inactivation \[[@bib0435],[@bib0440]\]. The efficient and rapid inactivation of SARS-CoV-2 by DUV-LED has been recently reported by Inagaki et al. \[[@bib0445]\] where a DUV-LED of 280 ± 5 nm was observed to achieve an 87.4 % reduction in the infectious viral titre within 1 s and 99.9 % reduction within 10 s of UV irradiation. Another study reported the inactivation of SARS-CoV-2 by monochromatic UV-C (254 nm) irradiation and involved different illumination doses (3.7, 16.9 and 84.4 mJ cm^−2^) against a range of viral titres (0.05, 5 and 1000 multiplicity of infection) \[[@bib0430]\]. It was observed that a UV-C amount of only 3.7 mJ cm^−2^ resulted in a 3-log inactivation for viral load. Further, a UV-C dose of 16.9 mJ cm^−2^ was observed to achieve complete inhibition for all the viral titres \[[@bib0430]\].

The UV disinfection is associated with various advantages. For instance, the process requires a short contact time without the formation of any disinfection by-products. Also, UV radiation is relatively safer than the handling of chlorine gas or other chlorine derivatives \[[@bib0450]\]. However, the use of UV radiation is limited by high infrastructure costs and energy-intensive processes \[[@bib0455]\].

### 3.1.4. Photocatalytic membrane reactors {#sec0075}

The PMRs have gained attention for wastewater disinfection. The PMR, which is defined as a combination of photocatalysis and a membrane process, has emerged as the most promising technology for the efficient removal of wastewater pathogens \[[@bib0460]\]. The virus removal efficiency of this hybrid reactor was studied by using bacteriophage P22 as a model virus by Guo et al. \[[@bib0465]\]. A LRV of 5.0 ± 0.7 was obtained for bacteriophage P22 in the presence of PMRs \[[@bib0465]\]. The removal of bacteriophage f2 by an integrated PMR system was also investigated \[[@bib0470]\]. An LRV of 5 was achieved with 24 h of continuous operation of the PMR system. It was concluded that the primary inactivation of phage occurred in the photolysis phase, while the membrane attributed mainly to the separation of virus particles. The study demonstrated that PMR could act as a promising technique for efficient virus removal. However, challenges of membrane stability, high capital, and operational costs demand more research \[[@bib0475]\].

Based on the present discussion, it is evident that filtration is efficient to some extent for the removal of viruses from wastewater. However, the physical methods (filtration, sedimentation) are focussed only on the separation of virus particles. Thus, the pathogens do not get inactivated and remain active for further infection. Further, the method of UV disinfection is limited by a lack of residual disinfection capacity and entails high energy and infrastructure costs. Also, the removal efficiency is highly governed by virus size, other wastewater chemicals, and the operational parameters.

3.2. Chemical treatment methods {#sec0080}
-------------------------------

In this approach, various chemicals are utilised for the removal of viruses from wastewater, and these are often employed along with other physical and biological processes. Two steps, namely disinfection involving the use of chemicals such as chlorine, chlorine dioxide, ozone, chloramine, detergents, alcohols \[[@bib0060]\], followed by dechlorination, constitute the chemical process of virus removal \[[@bib0480],[@bib0485]\]. The use of the chemical approach is delimited by various drawbacks like the formation of carcinogenic disinfection by-products that demand additional treatment. The dechlorination process utilises various reducing agents (sodium sulphite, sodium bisulphite or sodium thiosulphate) for the removal of free/combined forms of chlorine residues from the wastewater effluent \[[@bib0490]\]. Also, certain enteric viruses and adenoviruses demonstrate high resistance to disinfection agents \[[@bib0065]\]. The coronaviruses also demonstrate a high sensitivity towards chlorine \[[@bib0495]\], thereby signifying the possible inactivation of SARS-CoV-2 by chlorination. Additionally, the ozone treatment has also been discussed to achieve efficient inactivation of viruses \[[@bib0500]\]. The higher levels of ozone, high temperature, and lower RH were reported to have a negative impact on the transmission of SARS-CoV-2. An increase in the ambient ozone concentration from 48.83 to 94.67 μg m^−3^, temperature from −13.17 °C--19 °C and a decrease in RH from 23.33 to 82.67% was associated with a reduced spread of SARS-CoV-2 infections \[[@bib0505]\].

However, the chemical treatment processes are associated with environmental toxicity and increased safety regulations for the handling and storage of chemicals. More cost and time are incurred due to additional dechlorination step, such as in the case of chlorination. Further, the virus removal efficiency of these methods is highly dependent upon the structure and genetic composition of the virus. Thus, alternative disinfection methods are required for the efficient removal of pathogens from wastewater.

3.3. Biological treatment methods {#sec0085}
---------------------------------

The biological treatment methods rely on the cellular activity of the microorganisms (bacteria, fungi, or algae) to achieve oxidation of organic matter present in the wastewater under aerobic or anaerobic conditions \[[@bib0510]\]. It includes bioelectrochemical systems, conventional activated sludge, aerated lagoons, oxidation ponds, membrane bioreactors, moving bed biofilm reactors, rotating biological contactors, trickling filters, and anaerobic digesters \[[@bib0515]\]. Since most studies for virus removal are focussed on granular reactors and membrane bioreactors, hence, the present study is limited to an account of sequencing batch biofilter granular reactors and membrane bioreactors for removal of viruses from wastewater.

### 3.3.1. Sequencing batch biofilter granular reactors {#sec0090}

De Sanctis et al. \[[@bib0520]\] developed a simplified treatment scheme for the removal of pollutants and pathogens from municipal wastewater to produce safe treated water. The pilot-scale study was based on SBBGR, further enhanced by the sand filtration technique. Since the study aimed at providing treated water for reuse in agriculture, the microbiological quality of treated effluent was considered as the most crucial parameter. The quality was evaluated by monitoring the putative pathogens, namely *Salmonella* sp., *Giardia lamblia, E.coli, Clostridium perfringens, Cryptosporidium parvum,* adenovirus, enterovirus, and somatic coliphages. A substantial 3 LRV was obtained for the somatic coliphages while 2--3 LRV for adenovirus and enterovirus. Also, a 4 LRV, 3 LRV, and 1 LRV were achieved for *E.coli, G.lamblia*, and *C.perfringens,* respectively, along with the complete removal of *Salmonella* sp. and *C.parvum* by the SBBGR.

### 3.3.2. Membrane bioreactor {#sec0095}

Membrane bioreactor, a combination of a membrane-based filtration process and a suspended growth biological reactor, is a useful alternative to achieve the removal of viruses from wastewater \[[@bib0525]\]. The MBR technology has gained attention due to features like the high quality of effluent and lower environmental footprint \[[@bib0530]\]. The process of size exclusion has been mentioned as the primary mechanism in MBR for the removal of pathogenic bacteria, while the virus removal mechanism is poorly understood. Some studies have emphasised the role of MLSS and backwashed membrane in virus inactivation \[[@bib0535],[@bib0540]\] while the other mechanisms described are attachment to solids, enzymatic breakdown, interruption by membrane and cake layer and, predation \[[@bib0545]\]. A 6.3 LRV, 4.8 LRV, and 6.8 LRV were achieved for adenoviruses, noroviruses, and enteroviruses, respectively, in MBR \[[@bib0355]\]. Whereas, Kyria Da Silva et al. \[[@bib0550]\] reported 5.2--5.5 LRV of norovirus in MBR. In contrast, a study by Zhou et al. \[[@bib0390]\] concluded that the absolute removal of various viruses, including enteroviruses, noroviruses, and rotaviruses, could not be achieved by the MBR.

As evident, conflicting results are obtained for the utilisation of MBR for virus reduction. Also, the system is focussed mainly on physical separation while the removal is highly governed by virus structure, MLSS concentration, solids retention time, hydraulic retention time, and the system demands frequent membrane cleaning to achieve efficient removal. Further, the MBR is associated with other drawbacks like higher operation cost, energy-intensive process, and appropriate disposal of produced virus-contaminated sludge. These limitations may be overcome with the microalgae-based processes alone or coupled with the membrane technologies to produce a virologically safe treated water \[[@bib0105]\].

4. Microalgae-based approaches; an underexplored biological treatment method {#sec0100}
============================================================================

In view of the above literature, it has become evident that various pathogenic viruses are abundant in the wastewater and linked with significant disease outbreaks. Also, the conventional approaches for pathogen removal are associated with various drawbacks; thus, the scientific community is now shifting its focus towards alternative treatment approaches \[[@bib0555]\]. The concept of phycoremediation; involving the use of microalgae or macroalgae for the removal of pollutants from wastewater, has been gaining impetuous attention \[[@bib0560]\].

The microalgae have recently been utilised for the removal of viruses from the wastewater \[[@bib0105],[@bib0565],[@bib0570]\]. Various studies have investigated the cultivation of microalgae in photobioreactors, biofilm reactors, MBRs, and oxidation ponds to evaluate their efficiencies for wastewater disinfection. A microalgae-based wastewater treatment system employing the extremophile Galdieria sulphuraria has been demonstrated to achieve high removal rates for enteroviruses (1.05 ± 0.32), noroviruses (1.49 ± 0.16) and coliphages (1.23 ± 0.343--3.13 ± 0.34) \[[@bib0080]\]. A team of researchers in Bangladesh developed a *Pithophora* sp. based sustainable and scalable filter paper for point-of-use purification of drinking water \[[@bib0575]\]. All types of infectious viruses and bacteria were demonstrated to be removed from the water by *Pithophora* cellulose filter paper. The surrogate latex nanobeads, *in vitro* model viruses, and real-life water samples were utilised to validate the performance of the filter paper. A simulated wastewater matrix with surrogate latex nanoparticles at a concentration of 10^14^ L^−1^ was prepared to evaluate its filtration properties. The latex nanobeads assay was followed by a SEM analysis of the filter paper before and after the filtration process. The removal study employed PR772 coliphage as large-size model viruses and MS2, ΦX174 as small-size model viruses. The developed filter paper achieved a LRV of more than 4 for all model viruses under different overhead pressures (1, 3 and 5 bar). The high pathogen load of the real-life wastewater samples was also effectively reduced by filter paper. Finally, it was concluded that 3 l of microbiologically safe drinking water could be produced within 25 min by using *Pithophora* filter paper (300 mm) at moderate overhead pressures. The study could help provide a solution to the lack of access to clean drinking water in Bangladesh and other countries.

The mechanisms underlying microalgae-mediated virus inactivation has also been elucidated \[[@bib0105]\] and broadly classified as (i) sunlight-mediated inactivation, (ii) pH shift, (iii) adsorption, (iv) predation ([Fig. 2](#fig0010){ref-type="fig"} ).Fig. 2Graphical illustration of possible modes of microalgae-mediated virus inactivation, (a): EPS entrapment; (b): Sunlight-mediated inactivation (exogenous mode of indirect mechanism); (c) Toxic algal exudates; (d): Electrostatic attraction; (Abbreviations: EPS, exopolysaccharide; ROS, reactive oxygen species).Fig. 2

4.1. Sunlight-mediated inactivation {#sec0105}
-----------------------------------

The microalgae are defined as photosynthetic organisms which utilise sunlight (as an energy source) or other carbon sources (in case of heterotrophs) and carbon dioxide to produce water and oxygen \[[@bib0580]\]. Various additional benefits are procured by utilisation of these sunlight driven biochemical factories in the wastewater treatment systems. The autotrophic or photoheterotrophic microalgae are cultivated in outdoor conditions, and thus, the sunlight driven microalgal growth governs the treatment efficiency. The presence of appropriate irradiance has been linked with an increase in the growth rate with subsequent production of higher microalgal biomass \[[@bib0585]\], thereby enhancing virus removal. Likewise, the sunlight also plays a crucial role in removal by directly targeting the viral pathogens. The sunlight-mediated mechanism for virus inactivation has been studied and classified as direct (UV-B) and indirect (UV-A) mechanism ([Fig. 2](#fig0010){ref-type="fig"}b). The adsorption of photons by the virus, followed by damage of the viral capsid and genomic proteins constitute the direct mechanism while the indirect mechanisms are governed by the sensitizer molecules \[[@bib0095]\].

Depending upon the source of the sensitizers, the indirect mechanism is further categorised as endogenous (part of virus structure) and exogenous (in solution) processes. The endogenous mechanism of indirect inactivation involves the interaction between photons and amino acid chromophores in proteins of viral capsids \[[@bib0590]\]. On the other hand, various microalgal particulates and natural organic matter present in the wastewater treatment systems interact with the photons in the exogenous mode of indirect mechanism \[[@bib0595]\] Thus, the interaction of photosensitizer molecules and photons results in the formation of reactive radicals and intermediates that lead to the destruction of the viruses.

4.2. pH shift towards alkaline/acidic conditions {#sec0110}
------------------------------------------------

The microalgal cultivation in wastewater shifts the pH level, resulting in an alkaline/acidic environment. The microalgae-mediated elevation of dissolved oxygen and alkaline pH have been observed to be detrimental to various pathogens present in the wastewater, particularly; the faecal coliforms \[[@bib0600],[@bib0605]\]. Alternatively, the cultivation of acidophilic microalgae like *Galdieria sulphuraria* leads to a shift in wastewater pH towards acidity. The low pH of 4 has been considered as the chief cause for the inactivation of *E.coli* in the *Galdieria sulphuraria*-based wastewater treatment system \[[@bib0610]\]. The pH inactivation can be further enhanced by extreme temperatures and sunlight-mediated inactivation in the wastewater treatment plants \[[@bib0065]\]. The pH variations during the light and dark cycle have also been found to contribute to bacterial reductions in wastewater \[[@bib0610]\]. Thus, it may be hypothesised that the shift of wastewater pH towards alkaline/acidic conditions may also play a role in virus inactivation by changing the overall charge of the virus, impacting the structural proteins, and enhancing the adsorption process.

4.3. Adsorption to the microalgal biomass {#sec0115}
-----------------------------------------

The removal of viruses from wastewater by adsorption onto the microalgal biomass, followed by sedimentation, is considered as one of the removal mechanisms. The attachment of viruses may be mediated by electrostatic interactions or the microalgal EPS ([Fig. 2](#fig0010){ref-type="fig"}a, 2d). The surface properties of microalgae and virus cells govern the adsorption efficiency. This interaction can be further influenced by the surface charge on the capsid of the virus particles. The ionization state of the carboxyl and amino groups present in capsid proteins is largely dependent on the pH of the wastewater, thereby imparting an electrical charge to the virus \[[@bib0085]\]. Alternately, the microalgae are also reported to possess a net negative charge (-7.5 to −40 mV) at the pH levels commonly prevalent in wastewater treatment plants \[[@bib0100],[@bib0615]\]. These interactions may lead to aggregation of virus particles onto microalgal cells, which can be further removed by the sedimentation process. Further, the production of cell-bound EPS by microalgae may enhance the adsorption of virus particles by entrapping them in the EPS matrix \[[@bib0095]\].

4.4. Predation; role of higher trophic level organisms {#sec0120}
------------------------------------------------------

The microalgae-mediated virus inactivation may be influenced by the predation of viruses by organisms of higher trophic levels present in the ecosystem \[[@bib0100]\]. The presence of heterotrophic nanoflagellates and ciliates in the wastewater systems has been found to be associated with a reduction in virus viability \[[@bib0620],[@bib0625]\]. A reduction in the abundance of virus-like particles was attributed to the feeding patterns of nanoflagellates in a eutrophic freshwater reservoir in Japan \[[@bib0630]\]. Contrary to this, nanoflagellates in another eutrophic lake in France were observed to achieve less than 1% removal of virus-like particles \[[@bib0635]\]. Also, the internalization of enteric viruses by protozoa can have both beneficial and detrimental impacts on the viruses. It may lead to virus reduction in wastewater or could help protect the viruses from various inactivation processes, thereby further contributing to the waterborne transmission of the pathogenic viral particles \[[@bib0640]\]. Further, microalgae also serve as the base of aquatic food webs and fed upon by various predators like zooplanktons and protozoa; particularly the rotifers, copepods, and ciliates \[[@bib0645]\]. The predation of microalgae may aid in the removal of viruses which are trapped onto the microalgal EPS or adhered by the electrostatic interactions. Alternatively, the death of virus or microalgal predators and their subsequent settlement to the bottom of the water system by sedimentation may also contribute to a reduction in virus numbers from wastewater.

5. Conclusion and future recommendations {#sec0125}
========================================

There has been a substantial increase in evidence that reveals the presence of pathogenic viruses in the wastewater and/or treatment plants, including the novel coronavirus. The accurate detection and removal of these viruses would help to prevent the spread of the viral disease while producing a safe treated water for reuse. Thus, the efficiency of various treatment approaches is now being explored to combat viral disease outbreaks. This study highlights the inconsistency in the virus removal efficiency of various physical, chemical, and biological processes. Further, in view of the ongoing COVID-19 pandemic; understanding the fate of SARS-CoV-2 in wastewater treatment plants has emerged as a matter of utmost significance. Additionally, the microalgae-based approach (a biological method) could serve as an alternative to the prevalent energy-intensive and expensive disinfection techniques. The utilisation of microalgal processes, in combination with the natural temperature, pH, or light conditions prevalent in the treatment systems, may facilitate the complete removal of viruses from wastewater. Moreover, extensive research and evaluation are warranted to establish the economic feasibility of phycoremediation-based methods on a commercial scale.
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[^1]: Abbreviations: WWTP = Wastewater treatment plant, n.d. = not determined.

[^2]: Abbreviations: dsDNA = Double stranded deoxyribonucleic acid; dsRNA = Double stranded ribonucleic acid; ssRNA = Single stranded ribonucleic acid;

[^3]: Abbreviations: ASP = Activated Sludge Process; UASB = Upflow Anaerobic Sludge Blanket; UV = ultraviolet; WWTP = Wastewater treatment plant.
